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Skutterudite semiconductors possess attractive transport properties and have a good potential for
achieving high ZT values. A large number of isostructural compounds, solid solutions and related
phases arc investigated. These skutterudite compositions offer many possibilities for substantially
reducing the lattice thermal conductivity and for optimizing the electrical properties to a specific
temperature range of thermoelectric applications. An overview of recent results is provided and
current approaches to experimentally achieving high ZT in skutterudite materials are discussed.

I ntroduction

A systematic search for new thermoelectric materials was started
at JPL several yearsago. A family of compounds with the
skutterudite crystal structure was identified as a good candidate
for high performance conversion efficiency [1]. In skutterudites,
the bonding is predominantly covalent |21, which accounts for
the high carrier mobilitics experimentally obtained on several
compounds such as CoAs, |3], CoSb, [4, 51, 1rSb; [6], RhSb,
[5,7], RhAs; [3] and RhP,[8]. Also, the relatively large unit cell
indicates that a low lattice thermal conductivity might be
achieved. The skutterudite structure, illustrated in Figure 1, was
originally attributed to a mineral from Skutterud (Norway) with
ageneral formula (Fe, CO, Ni) As, [9].
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Figure 1. The skut(crudite unit cell of formula TPn, ('f =
transition metal, Pn = pnicogen).

The unit ccll of the skuttcrudite contains sguare radicals [As,] *
This anion located in the center of the smaller cube is
surrounded by 8 Co’' cations. The unit cell was found to consist
of 8 smaller cubes (octants) described above but two of them do
not have the anionsjAs,]* in the center. This is nccessary to
keep the ratio Co"':]As,] * = 4:3. Thus, atypical coordination

structure results with Cogl As,)s =2Co,[As,]; composition and 32
atoms per cdl with 8 AB,groups.

For the state of the art thermoelectric materials such as PbTc and
Bi,Te, alloys, the number of isostructural compounds is limited
and the possibilities to optimize their properties for maximum
performance in different temperature ranges of operation are
also very limited. Thisis not the case for skutterudites which
show a variety of decomposition temperatures, band gaps and
compositions which offers the possibility to optimize
composition and doping level for a specific temperature range.
Skutterudite compounds, solid solutions and related phases are
briefly reviewed in the following sections.

Existence and composition of skutterudites

Binary compounds. Binary skutteruditc compounds arc formed
with all nine possible combinations of the ¢clements Co, Rh, Ir
with P, As, Sh. in this structure each metal atom has six bonds to
apnicogen and each of three pnicogens has two bonds to another
pnicogen. Thus. each bond has two electrons which is consistent
with the fact that they arc diamagnetic semiconductors 110].

Table 1. Lattice parameter a, decomposition temperature T,
band gap Eg, Hall mobility p,, and thermal conductivity 2 of
binary skutteruditec compounds

Compound a JAL | T, (CO) E, (cV) reference
CoP, 77073 | >1000 (43¢ 11
CoAs;, £.2043 .| 960 0.69* 3
CoSb;, 9.0385 850 0.63* 5

~ RhP, 7.9951 >] 200 8
RhAs;, 8.4427 >1000 >().85% 3
RhSb, —| 9.2322 90 | o80% 5

W, | 80151 >] 200 T
| ras, | 8463’ | >T200 12
T 1Sb, | 9.2533 1141% 1.18* 6
| NiP_q 1 7_8 19 >850 melallic 13
| PdPiP, | 7705 | >650 | metallic | 13
* JPI. findings

Known values for the lattice parameter, peritectic
decomposition tcmperature and band gap of these nine binary
compounds arc reported in Table 1. Decomposition
temperaturcs for CoPs;, RhP;, RhAs;, IrP,and IrAs; arc only
lower limit cstimates. Wc have cal culated the band gap values of




1rSb,, RhSb,, CoSb,, RhAs;, CoAs,, and CoP, from high
temperature Hall effect measurements. The p-type RhAs;
sample was still not fully intrinsic at the highest temperature of
measurement, thus the value of 0.85 should only be considered a
lower limit. Less heavily doped samples must be obtained to
accurately determine the band gap of RhAs;. The value
obtained for CoP, is only preliminary because the sample used
for measurement contained CoP, inclusions. The only other
binary skutterudites known are NiP; and PdP; which have one
more electron valence pcr formula unit and conseguently show
metallic conduction [13]. For the arsenides and antimonides, the
band gap increases in sequence from the Co- to the Ir-based
compounds as well as from the ant imonides to the arsenides.

Salid solutions.  The only solid solutions between binary
skutterudite compounds reported in the literature show that CoP;
and CoAs; form a complete range of solid solutions which obey
the Vegard's rule and that the system CoAs;,,Sb, has a
miscibility gap intheregion of x = 0.4 to 2.8 [20]. Work at JPL
on CoSb;-1rSb; compositions also demonstrated that a partial
range of solid solutions exists in this system [21].  Our more
recent experimental results, summarized in Table 3, have shown
that there is an extensive number of skutteruditc compounds and
related phases form solid solutions, at least in some limited
range of composit ion.

Table 3. Existence of skuticrudite solid solutions

Temary _compositions.  Skutterudite related phases can be Solid Partial Range of Full Range of
formed by substitution by neighboring atoms for the anion or the Solutions Compositions Compositions
cation in binary skuttcruditc compounds, the condition being CoP, o | CoAs,*
that the valcnec-elect ron count remains constant, This is similar :
to the dian~ond-like family of semiconductors. The substitution CoAs; | CoSby*, IrAs;
can_ occur. on thc anlon‘ste FCOAS‘* =» CoGg, 5S¢, 5) or on the CoSb, CoAs* . IrSb, .
cation site (CoSb; = Fe, sNiysSb;). Structurally related ¥e. Ni. <Sb. . FeSb-Tec
skutlcruditc phases can also be formed by partial substitution of 00T 2
the cation and the anion (RhSb; = RuSb,Tc). _R_h_Sbs B IrSb,
Table 2: Skuttcrudit ¢ related phases IrAs; CoAs; , 1rSb,
Compound a®|T1, (O |E, (V) |Reference | 1rSb, CoSbs , IrAs; Eh;?a],
u e
CoGe, S, s 8017 | 1000 n4 | N 2
COGC] .Ssc] ,5* 8.299 200 I]4] l ]TCO.SNIO.SSb{_-!_C’_O.?b—,%Jer% RllOASPdo_SSb3 RUO.sde.SSb_;
CoSn, 5T, 5% - - }{—}E’,ﬂpdo.SSbB CoSb; , IrSb, Fe,.sNig sSbs
RhGe, <, s 8.2746 | >800 (15) FeSb,Te CoSb, , RuSb,Te
1rGe, 58, 5 8.297 | >800 [15] RuSb,Te FeSb,Te | 1Sby
IrGe, sSc) o* 8.5591 | >800 [15] literature results
IrSn, 58, 5 87059 | >800 [15) Filled skutteruditcs. A large number of these materials have
IrSn, sTe, ¢* - - already been synthesized (sce for example |22-25]). The
: * 9 " . composition of these types of compounds can be represented by
Feo.sNio sSb; 00904 29 ~0.16 116l the formula LnT,Pn,, (In = rare earth, Th; T = Fc, Ru, 0s; Pn =
FeosPdosSby* | 9.2060% - P, As, Sb). in these compounds, the empty octants of the
FooPlosSby* | 9. 1950% | - skuttcrudite structure ( scc Figure 1) which arc formed in the
— P . TPn, (~T,Pn,,) framcwork are filled with a rare earth ¢lement.
RugsNigsSby* | 9. 1780% | - Because the TP, , groups  using Fc, Ru or 0s arc electron -
Ru, sPd, <Sby* | 9.2960* | 647 * -().6()* [17] deficient relative (by 4 ¢-) to the skuttcrudite electronic structure
Ru Pl <Sb.* | i (using, Co, Rh or Ir), the introduction of tbc rare earth atom
03 0573 compensates this deficiency by adding free electrons. However,
FegsNig.sAs; 8256 | - 18] the number of valence clcctrons given up by the rare earth atoms
FcSb,Sc* - iS gencerally insufficient: for example, La has a 3+ oxidation
; dlate, Cc can be 34 or 4+. This means that most of these
% * x - N7k ]
FoSb,Te o112 5% 0.27 compounds bchave as metals, or very heavily doped p-type
RuSb,Sc* 9.257* - semi-mclals. However, it has been shown that some of them
RuSb,Tc* 9 268*% 810* 1 20 such as UFe,Py, and CcF Py, arc semiconductors [22]. The
addition of a ncw ion(s) in the voids could be an cfficicnt
PtSm, 5Sb, « 9.390 " - [19] phonon scattering center and could result in substantially lower

* JPL findings

Nine ternary skutterudite related phases have been reported in
literature[14-19], Based on X-ray diffraction analyses, cleven
ncw compositions were discovered at JPL. A number of
isostructural quaternary and more complex compositions have
also been identified.  Values for the lattice parameter a,
decomposition temperature T,, and band gap E, arc reported in
Table2.

lattice thermal conductivity values, The properties of such
skuttcruditc compounds remain to be fully characterized

Thermoelectric properties of skutterudites

Skuttcruditc compounds have exceptionally high hole mobilitics,
substantially higher than state-of-the-ari semiconductors for a
given carrier concentration. Wc have measured a Hall maobility
value closc to 8000 cm”.V's” on a p-type RhSb, single crystal
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_with aHall carrier concentration of about 3.5x10'8 cm”. This is
‘the highest p-type mobility ever measured at this doping level.
All p-type skutterudites (binary and ternary compounds)
investigated so far have high hole nohilities which make them
very promising materials for thermoelectric applications.
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Fig. 2: Electrical resistivity as a function of tcmperature for
severd n-type and p-type skultteruditc compounds.

N-type samples have been obtained for CoSb; and IrSb; by
doping with clements such as Ni, Pd, Ptand Te|26, 27]. The
Hall mobility of n-typc samples was foing’10 be much lower
than for p-typc materials, resulting in high clectrical resistivity
values. However, the large clectron eff. clive mass translated
into high Secbeck coefficient, up to )()0 VK" for n-type
samples compared to only up to 200 pV.K" for p-type samples.
As a conscquence, optimum doping levels for n-type binary
compounds arc roughly onc order of magnitudc higher than for
p-type skutteruditcs.
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Fig, 3: Sccbeck cocfficient as a function of temperature for
severa n-type and p-type skutterudiic compounds.

The experimental temperature variations of the clectrical
resistivity and the Scebeck coefficient of some binary
skutteruditcs arc shown in Figures 2 and 3, respectively.
Minority carrier concentration cffccts (high mobility holes) arc
responsible for the change in Secbeck cocfficient from positive

to negative at high temperatures for n-type CoSb; and IrSb,
samples (Figure 3). Because of a smaller band gap, this
compensation occurs at lower temperatures in CoSbs. The
contribution from the minority carriers is much more limited in
n-type CoSb,-based compositions prepared with high doping
levels. This results in the Seebeck coefficient remaining n-type
throughout the whole temperature range and a strong decrease in
the electrical resistivity.

Almost no information about the therma and electrical
propertics Of ternary skutterudite related phasesis available in
the litcrature. Sonic results obtained at JPL on four ternary
phases, FeSb,Te, RuSb,Tc, Fe, NigSb; and Ru,sPd,, sSb; arc
reporied in Figures 2 and 3. Fe, sNi, sSb; and FcSb,Tc arc two
ternary phases derived from CoSbs, and the calculated band gap
values, 0.16 and 0.27 CV respectively, arc much smaller than the
0.63 CV value for CoSb;.  Similar results arc obtained for
Ru, sPdg sSb; (0.6 ¢V), which is derived from RhSb, (0.8 ¢V).
The lower band gap values arc consistent with the lower
dccon position temperatures.  This is not the case of RuSb,Tc
however, which hasa band gap of 1.20 cV.

The electrical propertics of the ternary skutterudites also vary
substantially from the results obtained on the binary compounds.
Itranges from very heavily doped (Ru, sPd, sSbs) to more lightly
doped (RuSb,Te), and from extrinsic p-type behavior (FeSb,T¢)
to mi xed conduction n-typc behavior (Fe,sNigsSbs).  These
findings indicate tat significant changes in band structurc and
doping behavior were brought by changes in the atomic and
clectronic structure. in particular, fluctuations in the valence of
the transition metal atoms could be imposed by the need to
conscrve the skutterudite crystal structure. Understanding and
controlling these changes is a kcy s(cp in designing a
skutlcrudite composition with superior thermoclectric properties,

Thermal _conductivity

The thermal conductivity of p-type CoSb;, RhSb; and 1rSb,
samples was measured from 10 to 800K [4, 26-27]. The results
plotied in Figure 4 arc compared to typical valucs obtained for
state of the art thermoclectric alloys. Room temperature values
of’ these three compounds range from 110 to 130 mW.cm™1 K-!
depending on the carrier concentration level. These values arc
quite reasonable considering the relatively high decomposition
temperaturc and bandgap of skuttcrudites (scc Table 1).
Additional measurements conducted on p-type CoAs; and RhAs,
[3]) indicated that the room temperature thermal conductivity
valucs increasc slightly from antimonides to arsenides, and also
from Co-based compounds 10 Ir-based compounds. The
Wicdemann-Franz law can be used to calculate the lattice
thermal conductivity of p-type CoSbs, Rth3 and IrSb; samples
For a carrier concentrat ion of a 1x10] ‘cm™, calculations show
that about 90% of the total thermal conductlvity is duc to the
latt ice contribution. ‘1'bough wc have not yet measured heavily
doped n-type samples, the thermal conductivity of binary
skuttcrudites appears 10 be too high to result in high ZT values.
Experimental and theoretical rc.suits on p-type IrSb; showed that
a maximum ZT value of 0.4 can bc obtained at 900K [28].
Reductions in the lat (ice thermal conductivity must be obtained
to achicve values comparable to those of state of the art
thermoclectric mat trials (1 0-40 mw.cm 'K ™).

Solid solutions posscss @ much lower lattice thermal
conductivity duc to atomic mass and volume fluctuations.
However, a higher phonon scattcring rate always has some
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. Negative impact on the carrier mobility, but because the drop in
thermal conductivity is usualy larger than the degradation of the
electrical properties, ZT values are overall substantialy
improved. This process has been used for all the state of the art
thermoelectric materials, and is of interest for skutterudite
compounds.  Thermal conductivity mcasurcments of several
CoSb;-1rSb; alloyed samples showed that the thermal
conductivity dropped to about 30-35mW.cm 1. K-!  at room
temperature, avalue 3 to 4 times smaller than for the individua
compounds|21]. Theseresults arc also reported in Figure 4
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Fig. 4: Thermal conductivity as a function of temperature for
several n-type and p-type skuttcrudite compounds, solid
solutions and related phases.

Aswecll as for solid solutions, the lattice thermal conductivity of
ternary skuticruditc phases was cxpecled to be lower than for
binary compounds, Our first results on six such ternary phases
(five of them arc ncw compositions) confirmed these
predictions. JPL experimental data on four ternary phases,
FeSb,Te, RuSb,Tc, Fey sNig sSb; and Rug sPd,, sSb; arc plotted in
Figure 4. The thermal conductivity is greatly reduced in these
materials, with room temperaturc values ranging from 7 to 30
mW.cm'K?.  Thelow thermal conductivity values of these
compounds, while very encouraging, arc neverthcless a bit
surprising considering that the atomic mass and volume
differences introduced by the substituting anion/cation arc fairly
small. This indicates that additional mechanisms must bc
involved such as clectron exchange scattering of phonons [29].
Of particular intercest is the glassy behavior of Rue,.SPdO.sSbs
where the thermal conductivity decreases with decreasing
temperaturcs. At room temperature, the thermal conductivity
value is 7 mW cm- L K-!, about 15 times lower than for RhSb,
(or IrSb3). Thisis also lower than the values obtained for the
state of the art thermoclectric materials, The lattice contribution
was estimated at 2.5-3.0 mW .cm™ K-! | which is an extremely
low value, However, this unoptimized materia is still too
heavily doped and the carrier concentration must be reduced to
achicve larger Secbeck coefficient values.

Moreover, the possibility of forming solid solutions between
these ternary compounds and the high mobility binary
compounds (as described in Table 3) offers an excelient
opportunity of finding a very low thermal conductivity matcrial

with good electrical propertics. These results demonstrate the
groat potential of skuttoradites for high Z7T values as very high

nobilities, large Sccbeck coefficients and very low lattice
thermal conductivities can be obtained with materials of the
same crystal structure.

Conclusion

A new family of promising thermoclectric materials with the
skutterudite crystal structure has been presented. A number of
binary compounds, solid solutions and ternary related phases
have been briefly reviewed. Initial results obtained on some of
their representatives demonstrated the great potential of
skutterudites for high 21 values, Both p-type and n-type
matctials appear promising, though in a different range of carrier
concentrations. If the good electrical properties of the binary
skuttcrudite compounds can be somewhat preserved, there arc
several approaches for large reductions in thermal conductivity
that could lead to 7T values substantially larger than 1.
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